We present optical CCD surface photometry and VLA H I observations of NGC 5850, one of the largest and brightest barred spirals of the inner ring variety in the sky. The broadband images reveal numerous morphological peculiarities, particularly in the spiral arms. Structural asymmetries are more obvious in H I, the most pronounced being a large-scale displacement of gas to the west and northwest of the nucleus. Most of the (3.3^0.1) ] 109 of atomic hydrogen is concentrated in the prominent M _ optical ring and faint spiral arms, with very low H I surface densities in the bulge and interarm
INTRODUCTION
Rings and bars are evident in the light distributions of roughly 25% of the normal massive disk galaxy population, from early to late types (see, e.g., Vaucouleurs de 1963 ; Buta & Combes They are clearly important features of 1996). galaxy structure. Extensive theoretical and numerical work over the past 20 years argues persuasively that the rings (as well as the partial or "" pseudorings ÏÏ) are a direct consequence of the diskÏs response to gravitational perturbations produced by a bar or barlike mass component in the galaxyÏs inner regions. These torques create shocks in the gas distribution near the ends of the bar, leading eventually to a redistribution of the galaxyÏs interstellar medium (ISM) near a principal orbital resonance (cf. Schwarz 1981 ; & Bosma Athanassoula 1985 ; Kormendy 1982 ; Combes & Combes While the theory of bar-driven 1993 ; Buta 1996) . resonances is well developed, observational data on these objects are surprisingly lacking. This is especially true with regard to their gas distribution and kinematics, for here the inÑuence of the bar and the association of rings with orbital resonances should, in principle, be most easily observed.
In this paper we present a detailed study of the ringed, intermediate-type barred spiral galaxy NGC 5850, incorporating optical CCD surface photometry and H I aperture synthesis maps to probe its structure and kinematics. Follow-up papers will deal with the dynamical analysis of this system. A compilation of NGC 5850Ïs global properties is listed in NGC 5850 has the distinction of being Table 1 . the prototype SBb galaxy used by Hubble to (1926, 1936) illustrate his newly developed classiÐcation system. It is also one of the largest examples of this type in the northern sky, and one of the richest in H I. NGC 5850 is believed to be a member of the NGC 5846 group of bright galaxies Vau-(de couleurs & Gott & Geller 1975 ; Turner 1976 ; Huchra Using a three-dimensional overdensity criterion, 1982). Huchra & Geller assigned 10 members to this group and determined a mean optical-heliocentric systemic velocity of 1973 km s~1 with a dispersion of 322 km s~1. (V sys ) Tully derived a distance of 28.5 37¡^5¡. shown are taken from Vaucouleurs et de al. (1991, hereafter NGC 5850 is particularly interesting, as available RC3). images show evidence of a slightly asymmetric light distribution, which may signify an interaction. This opens up the possibility of assessing the inÑuence of another class of tidal torques on its morphology and star-forming properties. 2 . OBSERVATIONS AND DATA ANALYSIS 2.1. Neutral Hydrogen NGC 5850 was observed with the Very Large Array radio telescope on 1987 April 20 (D conÐguration) (VLA)4
4 The VLA is operated by the National Radio Astronomy Observatory (NRAO), which is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. and 1991 January 7 (C conÐguration) for a total of 12.5 hr. The correlator was conÐgured to provide 31 independent velocity channels after on-line Hanning smoothing, with each separated by 97.656 kHz (20.8 Table 2 summarizes the observational parameters.
The radio data were processed using NRAOÏs Astronomical Image Processing System (AIPS) package. After editing and calibrating each data set separately, the C-and D-conÐguration u-v data were concatenated, providing sensitivity to radio emission over 15AÈ15@ scales. Map cubes were then made using "" natural ÏÏ weighting (h FWHM \ 28A .3 with 1 p \ 0.45 mJy beam~1), and "" robust ÏÏ weight-] 24A .7, ing with 1 p \ 0.55 mJy beam~1).
.3, For the latter, we set the ROBUST parameter in IMAGR to [0.1. This provided a good compromise of sensitivity, resolution, and beam shape and was used to (Briggs 1995) provide a higher resolution view of the H I. The naturally weighted maps were found to be better for revealing faint extended emission. Finally, a heavily tapered (1.5 kj FWHM Gaussian), naturally weighted map cube was made to search for faint and extended H I in the Ðeld (h FWHM \ 120A ] 100A, with 1 p \ 0.62 mJy beam~1). The rms map noise was found to be close to the expected levels in all cases. The 20 cm radio continuum was measured by averaging together 20 channels free of line emission (1È10 and 22È31), which was subtracted from the u-v data. The residual H I line emission in each channel was then cleaned with the appropriate beam.
Neutral hydrogen "" moment ÏÏ maps of the integrated H I surface density in units of pc~2), the intensity-(& H I , M _ weighted velocity Ðeld, and the velocity dispersion were made using both the robustly and naturally weighted map An azimuthally averaged radial proÐle was concubes.5 & H I structed using elliptical annuli deÐned by the outer optical isophotes, and routines in AIPS were used to analyze the H I velocity Ðeld. Precise right ascension and declination coordinates were measured for 10 stars in the NGC 5850 Ðeld using the University of Texas PDS Astrometry System & Shelus These were used to deÐne an (Benedict 1978). astronomical coordinate system in our CCD images using routines in AIPS with an accuracy of at least 1A, which is more than sufficient to overlay the optical and radio images.
Optical CCD Images
Optical images of NGC 5850 were obtained with the Kitt Peak 0.9 m telescope in 1991 June using the ST1K 1024 ] 1024 pixel CCD located at the f/7.5 focus. The images cover a square Ðeld with pixels. Total 10@ .2 0A .604 integration times of 900, 1500, 600, and 600 s were obtained in Johnson U, B, and V , and Cousins I bands, respectively. The basic image processing (e.g., Ñat-Ðelding, cosmic-ray removal) was performed with IRAF and was routine. observations were made under photometric conditions and were calibrated using standard stars from Landolt (1992). These data were used to construct calibrated surface brightness and color index maps of NGC 5850 for the purpose of determining its basic optical structure. Global photometric properties of NGC 5850 derived from these images are included in Table 1 .
Narrowband images were also made using interference For convenience, we will use radius (R) and position angle (/) in describing features in the remainder of this work. To ensure that our position angles are in a proper reference system, we used our local positional standards to correct the raw position angles in the frames to a 1950 coordinate system. The correction determined was only 0¡ . 83 Figure 2d . galaxy has a very bright nucleus in both B and I bands. The unsharp-masked inserts clearly show a nuclear ring and bar (denoted "" nr ÏÏ and "" nb ÏÏ in
The nuclear ring is Fig. 2d) . quite prominent in blue light, but also very smooth in appearance. No high-contrast knots that could be identiÐed with discrete star-forming regions are visible. Such features are commonly found in nuclear rings (see & Crocker Buta et al. We interpret this to mean that 1993 ; Benedict 1992). either the nuclear ring is in a quiescent nonÈstar-forming phase or else it is heavily obscured. The nuclear barÏs position angle di †ers from the primary barÏs (*/ bar \ 67¡), which is typical in multiply barred systems & Crocker (Buta et al. The more prominent inner ring 1993 ; Wozniak 1995). ("" ir ÏÏ) is fairly normal and symmetric. However, the arms are noticeably peculiar and seem to comprise three separate arms, two appearing to form a partial outer pseudoring ("" psr ÏÏ) in the south. The horizontal "" arm ÏÏ ("" ha ÏÏ) that slowly curves to the southwest, and the three short quasiradial "" spurs ÏÏ on the west and southwest sides of this arm ("" sp1,ÏÏ "" sp2,ÏÏ and "" sp3 ÏÏ) are especially noteworthy.
The B[I color index map in shows that the Figure 2c inner ring and arms possess the youngest stellar populations in the galaxy.
summarizes average colors of Table 3 all the features highlighted in based on integra- Figure 2d , tions in small apertures placed in azimuth along the features. The average color index of the inner ring is SB[IT \ 1. 88 . It does not show obvious systematic color variations with /, but it is bluest in its southeast quadrant, away from the end of the bar. The short spur "" sp3 ÏÏ is also very blue (SB[IT \ 1.43), as is the horizontal arm segment "" ha ÏÏ just beyond the ring to the northwest (SB[IT \ 1.74). The color index map also reveals two prominent linear dust lanes along the bar, with that east of the nucleus being by far the most prominent. These razorthin structures appear to both broaden and curve sharply near the core, and they form an incomplete dust ring that appears miscentered on the nucleus (i.e., the light spot within the dust ring). This dust ring also appears stronger on the east side compared with the west side. The enhancement of the eastern dust lanes relative to those on the west side could be intrinsic, but the di †erence could also be an inclination e †ect. We believe the latter can be ruled out, since it is likely that the spiral arms of NGC 5850 are trailing and that the dust lanes lie on the leading edges of the bar.
Vaucouleurs demonstrated that spiral arms De (1958) generally trail the direction of rotation, while Athanassoula discussed what physical parameters determine the (1992) shapes and locations of bar dust lanes. Our kinematic measurements show the north half of the galaxy to be (°3.4) receding, which for trailing spiral arms favors the west as the near side.
If the dust asymmetry is not intrinsic, and the east side is the near side, we would have the unexpected situation of global leading spiral structure and dust lanes on the trailing sides of the bar. A dynamical model could probably resolve this ambiguity. Note that some of the dust enhancement in the nuclear dust ring crosses to the west side of the line of nodes, whose position angle is about 170¡.
The small nuclear ring seen in both B and I is not apparent in B[I inset), which again implies either little (Fig. 2c restricted almost exclusively to the arms and inner ring, which contribute similar Ha Ñuxes. The horizontal arm "" ha ÏÏ northwest of the nucleus and the southern half of the outer pseudoring "" psr ÏÏ are both rich in H II regions, with the three most luminous examples being found here (L Ha D 1.5 ] 1039 ergs s~1). The northernmost spiral arm is much weaker in Ha emission. A number of faint ergs (L Ha D 1038 s~1) H II regions can be seen at the positions of the three blue spurs ("" sp1,ÏÏ "" sp2,ÏÏ and "" sp3 ÏÏ). Interarm star formation is detected only in a region due south of the nucleus, between the inner ring and southern "" psr.ÏÏ
The southeastern quadrant of the inner ring represents the strongest contiguous region of enhanced MSF in the galaxy. Otherwise, few highly luminous H II regions are found throughout this structure. We Ðnd enhanced MSF activity near the intersection of the primary bar and ring. Such a morphology is expected in barred galaxies because of orbit crowding of the ISM at these locations (see Roberts, van Albada, & Huntley & Lord We 1979 ; Kenney 1991) . note that in this galaxy the H II region concentrations are shifted from the precise ends of the bar. The northwestern one (/ \ [54¡, R \ 1@) leads the bar axis by 10¡. The more extensive star-forming zone on the opposite side of the inner ring lies 14A o † the bar end and forms part of what eventually becomes the horizontal arm. These may represent normal end-of-bar star-forming regions that have been displaced by the same process responsible for the peculiar optical arms. We did not detect di †use line emission in the bar, bulge, or nuclear regions above ergs M _ diameter region centered on NGC 5850Ïs nucleus.6 Enhanced nuclear star formation is almost always associated with large molecular gas masses (see et al. Sanders Taken as a whole, the evidence points to a nuclear 1988). region free of signiÐcant MSF.
Photometric Properties of NGC 5850
Surface photometry of NGC 5850 was performed after the elimination of cosmic-ray events and foreground stars. Removal of the latter was based on a "" patch ÏÏ routine, written by W. D. Pence, equivalent to the IMEDIT routine in IRAF. As for previous galaxies we have studied, we Ðrst Ðt ellipses to isophotes with the principal goal of determining objective estimates of the bar position angle and the photometric inclination and major-axis position angle. The results of these ellipse Ðttings, based on a program that Ðts isophotes at prechosen surface brightness levels, are shown in The Ðttings were made to each broadband Figure 4 . image, as well as to isochromes of B[V and B[I in the bar region. Beyond R \ 150A, the orientations and shapes of the isophotes are relatively constant. The mean axis ratio and position angle (/) of these isophotes are included in Table 1 . The mean axis ratio of 0.805 would imply an inclination of 37¡^2¡ using the formulae of et al. with Bottinelli (1983) the highly uncertain assumption that the outer disk isophotes represent an axisymmetric zone. However, the H I velocity Ðeld discussed in points to a warped disk. In°3.4 addition, the mean coordinates of the center of the outer isophotes do not coincide with the nucleus, but are o †set to the northwest. The uncertainty in the photometric inclination is thus likely to be larger than^2¡, but it is difficult to say by how much. The o †sets are strongly dependent on wavelength : (*a, for U,
for V , and for I. This shows that ([9A .8, 2A .7) ([4A .8, 3A .9) the o †set is very much larger for the shorter wavelength passbands, which may reÑect subtle di †erences between the structure of the stellar and gaseous disks.
Several photometric parameters derived from the images are listed in
The quantities and are No. 1, 1998 NGC 5850 87 FIG. 3.ÈHa ] [N II] emission in NGC 5850, using a linear stretch mag arcsec~2. This isophote is a †ected by the spiral structure outside the inner ring, and although the derived parameters agree within the uncertainties with those listed in they cannot be used to determine the orientation of RC3, the system. The total B-band magnitude of NGC 5850 was obtained by integrating the Ñux within elliptical annuli having the mean outer disk axis ratio and position angle in out to the largest radius of 262A. This should be Table 1 , within 0.01 mag of the value obtained by extrapolating the elliptically averaged surface brightness proÐle beyond this radius. The derived of 11. 92^0.03 , where the uncer-B T tainty is based on a 0.1% error in the sky level, signiÐcantly disagrees with the photometric value of 11.54^0.13. RC3 We attribute this discrepancy to the large scatter in the available aperture photometry for NGC 5850. This is shown by the comparison between observed and simulated circular aperture photometry in Figure 5 .
The total colors of NGC 5850 were computed by integrating the Ñuxes in the other passbands within the same elliptical annuli used for These are also listed in B T . Table 1 . The uncertainties in these colors are based on estimated errors of 0.1% in the sky level determination in the U, B, and V images, and 0.2% in the I image, and include the transformation zero-point errors. The e †ective parameters in are based on circular aperture growth curves. Table 1 The uncertainties in those parameters are based on the same sky determination and zero-point errors.
The ellipse Ðttings yield a position angle for the primary bar of 117¡^2¡ (1950). Surface brightnesses and (/ bar ) color proÐles along and perpendicular to this axis are shown in Figures and The bar axis proÐle reveals a 6a 6b. Ñatness in the bar region characteristic of early to intermediate Hubble type galaxies (see review by Elmegreen 1996). The proÐle shows reasonable symmetry for R \ 100A, but there is an extra hump on the west side. The behavior of the isochromes is similar to that of the isophotes in the intermediate regions of the bar, especially for B[V . The isochromes decrease in axis ratio from 20A to 50A radius until the ends of the bar are reached and star formation in the inner ring increases the axis ratio.
shows a com- Figure 6c parison between folded bar major-and minor-axis proÐles that illustrates how nonaxisymmetric the color gradient inside the inner ring is. The B[V color index is nearly constant along the bar up to a projected radius of 50A, while along the barÏs minor axis the color decreases more uniformly. To improve the signal-to-noise ratio at large R, we computed average surface brightness and color proÐles using elliptical annuli with the outer disk axis ratio and position angle in but centered on the nucleus. These proÐles Table 1 , are shown in and compiled in Apart from Figure 7 Table 5 . humps caused by the inner ring, bar, and outer arms, an exponential decline is evident for R [ 130A. The scale length of this decline is 4.1 kpc at the assumed distance of 28.5 Mpc.
The relative Fourier intensity amplitudes and phases in B and I are shown in
The relative intensity of the Figure 8 . m \ 1 component, shows low amplitudes for normal-
The galaxy R/r 25 \ 0.75 (r 25 \ D 25 /2 \ 130A .4). is very symmetric about the nucleus in the bar region in both Ðlters. However, for the relative m \ 1 R/r 25 [ 0.75, amplitude steadily increases to more than 5 in B at R/r 25 \ 2.0 (R \ 260A). In the I band, the asymmetry is much less serious between these same radii. Thus, the asymmetry in NGC 5850 is connected with the young stellar populations of the outer disk, while the dominant older population is much more symmetric and hardly distorted.
The relative intensity of the m \ 2 component shows that the inner ring is neither especially elongated nor surrounded by low surface brightness regions, since their peak relative amplitudes are approximately 0.6 in both bands. In NGC 3081 and NGC 1433, for example, the m \ 2 amplitude reaches unity (Buta At larger radii 1990 . the amplitude increases by more than a factor (R/r 25 [ 1.5) of 2 in both B and I bands, probably on account of the outer spiral structure. The corresponding m \ 2 phase (h 2 ) is less stable with radius and shows signiÐcant di †erences between the two colors for reÑecting NGC R/r 25 [ 1.0, 5850Ïs rather asymmetric spiral arms.
T he Distribution of H I in NGC 5850
shows the naturally weighted H I channel maps, 12b. apart from a few notable exceptions, H I follows the optical structure of the galaxy closely. However, NGC 5850Ïs overall asymmetry is more prominent in H I, and its disk extends signiÐcantly further to the northwest than is evident in or 2b. Figure 2a Only small amounts of neutral hydrogen were found within the region enclosed by the inner ring using the robustly weighted maps of
In particular, neither Figure 11 . the prominent optical bar nor dust lanes were detected. However, approximately 2 ] 107 of H I is visible near M _ the nucleus. The inset to shows that this gas is Figure 11b coincident with the southwestern half of the nuclear dust ring and peaks near the largest concentration of dust. While there is no evidence that H I from the dust lanes feeds the dust ring, there is a suggestion of an H I bridge linking the nuclear H I source with the inner ring to the southwest. The naturally weighted maps in reveal a Figure 12 low (Table 1) were used for the computations. also show the same basic features found with robust weighting (e.g., the H I associated with the southwest nuclear dust ring and a possible gas bridge to the inner ring), albeit at lower resolution. Approximately 40% of NGC 5850Ïs H I mass is concentrated in the diameter inner ring. The robust maps of 2@ .2 show a clumpy distribution, with an average Figure 11 & H I of 3 pc~2. The highest surface densities are found in M _ two H I arcs near the ends of the optical bar. Again, such arcs are believed to be the result of orbit crowding induced by bar torques. The highest in NGC 5850 is located in & H I the southeastern H I arc (9.5 pc~2), which is larger in M _ both size and H I mass than its northwestern counterpart. The southeastern arc is also o †set radially from the end of the bar, and can be followed northward until it eventually merges with the northern H I arm.
The bulk of the remaining neutral hydrogen resides in several arms and armlike segments, each of which shows signiÐcant di †erences in their H I properties. Of these, the northern H I arm is the most complete, and can be traced from the eastern side of the inner ring to the far western side of the galaxy, where it ends 105A (14.7 kpc in projection) west of the bar/inner ring intersection. No optical counterpart is visible from a position angle / of 15¡ to [50¡, though the northern H I arm follows the general outline of the faint optical disk (see The northern H I arm has To the south of "" ha ÏÏ is found 2d Table 3 ). another high surface density arc of H I coincident with the two optical spurs "" sp1 ÏÏ and "" sp2.ÏÏ These three appear to be part of a larger H I structure. Higher (D5 pc~2) & H I M _ is associated with the more optically prominent "" sp1,ÏÏ while "" sp2 ÏÏ appears embedded in more extended and lower (D2 pc~2) gas. A more complicated relationship & H I M _ between optical and H I structure is found throughout the southern spiral arm (or outer pseudoring "" psr ÏÏ). Figure 11 shows that from / \ 240¡ to / \ 260¡ the southern "" psr ÏÏ is free of H I at or above 1 pc~2. The H I and optical M _ components start to diverge noticeably before this at / D 230¡. A second gap in the H I distribution appears near the intersection of the optical "" psr ÏÏ and inner ring (/ D 155¡). This gives the H I structure of the southern "" psr ÏÏ a pronounced "" dogleg ÏÏ appearance. The southern spiral arm is very clumpy in H I, which is not surprising given its Ñocculent B-band morphology, and possesses a mean of 4 pc~2. This is twice the mean H Figure 13 . absence of an extensive H I disk has also been noted in NGC 1365 and NGC 1433, and may signify the lack of a stabilizing halo in strongly barred spirals.
Interacting systems routinely show large-scale tidal H I features that provide clues to their evolution. These tails and bridges may extend for many disk diameters with widths and velocity dispersions of D5 kpc (40A at NGC CZ (km/s) No. 1, 1998 NGC 5850 93 FIG. 10 .ÈGlobal H I proÐle for NGC 5850 derived from the channel maps in
The dashed line denotes the Ñux-weighted systemic velocity Fig. 9 . of 2526^15 km s~1 (optical-heliocentric Likewise, no gas was van 1993). low-& H I found in the vicinity of NGC 5846/5846A. While our velocity coverage just barely includes the dwarf elliptical galaxy NGC 5846A (cz \ 2243 km s~1), and ends nearly 400 km s~1 from NGC 5846Ïs systemic velocity, a strong tidal interaction with either galaxy would nevertheless have been expected to leave gas at intermediate velocities within our passband.
H I Kinematics

Velocity Field
Two versions of the H I velocity Ðeld are presented, derived from the robustly and naturally ( Fig. 15a) ( Fig. 15b ) weighted map cubes. While lower in resolution, the naturally weighted velocity Ðeld shows the overall velocity structure better and will be used to explore the large-scale kinematics of the galaxy. Although the distribution of H I is strongly asymmetric, the velocity Ðeld in is still Figure 15b fairly regular. A number of deviations from circular rotation are apparent, however. First, the kinematic principal axes are clearly nonperpendicular throughout the region containing the bar and inner ring (R \ 50A). This is a signature of an oval disk. Second, several kinks in the velocity Ðeld are found within the ringÏs boundary (e.g., 20A north of the nucleus), which we attribute to the perturbing inÑuence of the strong bar. This is also apparent in the minor-axis velocityÈposition angle map in Kinks in the iso- Figure 16 . velocity contours are also seen in crossing the spiral arms, especially to the northeast and southeast of the nucleus, and are most likely caused by streaming motions in the arms. These kinks are even more apparent in the robustly weighted velocity Ðeld. Finally, the slight curvature in the kinematic major axis in points to a warp in the Figure 15b outer disk. Note, however, that the Ðrst two departures from circular motion cited above are commonly seen in normal barred spirals and ordinarily could be completely attributed to the perturbing inÑuence of the bar, which is particularly strong in NGC 5850Ïs case. Warps are of course common in normal galaxies, whether barred or unbarred.
Rotation Curve
We used the AIPS task ROCUR in an attempt to quantify NGC 5850Ïs H I velocity Ðeld. This routine iteratively determines the systemic and rotational velocities, (V sys ) ( V cir ) kinematic position angle and inclination and (/ kin ) ( i kin ), center for a series of static circular rings of radius R.
We deÐned the rings to be 12A wide, or roughly one-half of the naturally weighted synthesized beamwidth. Starting values for these parameters were taken from the optical and H I data. For example, we used the run of inclination with R from ellipse Ðts as initial guesses to the inclinations (Fig. 4) determined by ROCUR. Radial velocities within each annulus were scaled by the cosine of the azimuth angle, which served to down-weight data points near the minor axis, where is less certain. In addition, we found it neces-V cir sary to exclude data within 15¡ of the minor axis. We experimented with di †erent exclusion angles and weighting functions, but this combination yielded the best results over the largest fraction of NGC 5850Ïs disk. Still, models converged to reasonable solutions only for Beyond this R [ 2@. radius the static ring models either did not converge or yielded highly uncertain values. The results are shown in and listed in The uncertainties given in Figure 17 Table 6. reÑect the formal errors of the Ðtting routines, Table 6 which most likely underestimate the true uncertainties. The rotation curve in shows rising to a peak Figure 17a V cir value of 297 km s~1 at R \ 80A, a radius that coincides with the inner ring. Beyond this radius, falls to values near V cir 100 km s~1. Both the kinematically determined inclination and position angle show gradual variations (D20¡ net change) consistent with a warped disk. We computed Ñux-weighted mean values for both using the entries in Table 6 (R º 30A) and the average proÐle in We & H I Figure 13 . found values of 29¡^1¡ for the mean kinematic inclination and 163¡^1¡ for the mean kinematic line of nodes (i 6 kin ), In both cases the uncertainties reÑect the formal (/ 6 kin ). ROCUR Ðtting errors, which are most likely underestimates. Note that both are signiÐcantly di †erent from their photometrically estimated counterparts (see This  Table 1 ). may simply reÑect the fact that position angle and (especially) inclination are difficult to determine accurately for galaxies with inclinations of D40¡ or less, even with higher velocity resolution. On the other hand, the photometrically determined / and i are both based on isophotes that are rather miscentered on the nucleus, and this may also contribute to the discrepancy.
shows that, Figure 17c apart from the Ðrst ring, where the solutions are probably a †ected by low spatial resolution, is quite constant V sys km s~1, with a standard deviation of 2 km s~1). (V1 sys \ 2535 Approximate descriptions of the rotation curve over a wider range in radius were derived by running ROCUR again with and set to their average values and V sys , X 0 , Y 0 the inclination held Ðxed at 37¡ (the average optically derived value for R beyond 150A). We also adopted a more restricted range in the allowed azimuthal angle to minimize the impact of the asymmetric part of NGC 5850Ïs velocity Ðeld. This produced the rotation curves for the receding (northwest) and approaching (southeast) halves of the disk shown in the top panel of
The data values are Figure 18 . listed in Both show sharp decreases in for Table 7 .
V cir R \ 40A. The approaching side continues to rise gradually to a peak of 152 km s~1 at R \ 80A, which coincides V cir with the inner ring. The rotation curve remains fairly Ñat afterward with no signiÐcant turnover. The receding half begins to Ñatten noticeably at R \ 40A, well inside the H I crest of the inner ring.
gradually reaches a peak (155 km V cir s~1) at the same radius in the disk found in the approaching half. Starting at R \ 90A (well within the recedr 25 \ 130A) ing rotation curve shows a marked decline, and falls to 93 km s~1 at a radius of 150A. This corresponds to the position of the northern spiral arm. The turnover in is signiÐcant, V cir as is at least 1.5 pc~2 in this part of the galaxy (see & H I M _ Fig. 12) .
The kinematic line-of-nodes position angle is (/ kin ) shown as a function of radius for both halves in the bottom panel of
Apart from a nearly constant D10¡ Figure 18 . di †erence, decreases systematically from R \ 30A to / kin R \ 120A. From here to a radius of 150A, increases / kin gradually in the receding half of 13¡) but more (*/ kin abruptly in the approaching half with 80% of (*/ kin \ 30¡, this over the last 10A). Such a systematic decline and rise in position angle is consistent with a large-scale warp, while the nearly constant o †set in / between the two halves can be interpreted as stemming from an oval disk. A good example of the latter can be seen in NGC 5383 (Sancisi, Allen, & Sullivan 1979) .
Precise kinematic solutions are difficult for normal barred spiral galaxies, much less those showing large-scale pecu- FIG. 14.ÈDistribution of H I for NGC 5850 and surrounding Ðeld using the tapered (1.5 kj FWHM) u-v data set. Natural weighting was used to make the maps
The contours correspond to 0.05, 0.5, 1.0, 2.0, and 3.0 pc~2 and are shown superposed on a DSS image. . We emphasize that the above analysis is meant to provide only a rough description of NGC 5850Ïs kinematics, since static tilted-ring models may not directly apply to an asymmetric and possibly nonequilibrium disk. A more detailed treatment, including discussions of such important topics as the location of resonances and corotation, will be deferred to a follow-up modeling paper.
T he H I Velocity Dispersion
The naturally weighted data were used to make maps of the H I velocity dispersion in NGC 5850. Through-(*V H I ) out the disk and spiral arms, we found line widths in the range of 15È25 km s~1 with no obvious structure. to the bar and bulge regions. The inset at top right shows contours of superposed on a B[I map of the inner 1@ *V H I of the galaxy. The largest values (30È45 km s~1) deÐne an X-shaped region centered on the nucleus. However, this feature can be readily explained as the result of a Ðnite beamwidth combined with the crowded isovelocity contours visible in This e †ect is described in detail Figure 15b . by While the higher dispersion H I may be Sicking (1997). partially responsible for the discrepant and incli-V sys , V cir , nation derived by ROCUR for the Ðrst annulus in Figure  there is nothing overtly peculiar in NGC 5850Ïs H I 17, velocity dispersion. The robustly weighted map shows *V H I that the clump of H I coincident with the southwest portion of the nuclear dust feature (see inset to has the Fig. 11b ) largest velocity dispersion (36 km s~1). Large-scale *V H I structure is not seen, a fact that we attribute to reduced sensitivity to gas. low-& H I
20 cm Radio Continuum Emission
The distribution of 20 cm radio continuum (robust weighting) in NGC 5850 is shown in superposed Figure 20 , on the Ha image. All of this emission arises within an extended region roughly enclosed by the inner ring. We detect no contribution from the arms above 0.3 mJy beam~1 (3 p), despite the facts that the arms and ring contribute equal amounts of Ha Ñux and that the most luminous H II regions are found in the arms. The radio continuum emission peaks in an unresolved nuclear component (1.7 mJy), but this represents only a factor of D2 enhancement over this large region as a whole. Neither the inner ring nor the bar stands out in radio continuum. However, the elongated region of 20 cm emission D1@ east of the nucleus does coincide with the large concentration of H II regions above the bar/inner ring intersection. Other regions of comparable star formation activity, such as the horizontal arm, are not detected in 20 cm continuum emission. Using the naturally weighted continuum map, we measured a total 20 cm Ñux for NGC 5850 of 25.7^2.7 mJy. No major di †erences were found in comparing the robustly and naturally weighted continuum maps. 4 . DISCUSSION
Star Formation in NGC 5850
We derived an integrated Ha Ñux of (3.0^0.2) ] 10~13 ergs s~1 cm~2 for NGC 5850 by summing the H II regions Figures 2, 11 , and show that both stars and gas in NGC 5850Ïs disk are 12 displaced in a similar manner, with the notable exception of the region near the broken H I pseudoring (/ B 220¡). The absence of a dense X-rayÈemitting IGM in the vicinity of the spiral also argues against this A gravitamechanism.9 tional interaction with the elliptical galaxy NGC 5846 appears to be a more likely explanation, despite the 768 km s~1 di †erence in Mass estimates for NGC 5846 range V sys . from 8 ] 1011 using its total and the mean
Faber 1979) based on its position in the elliptical galaxy Z1012 M _ fundamental plane, making it substantially more massive than the spiral Burstein, & Faber (Bender, 1992) . Because of the large we propose that the two gal-*V sys , axies have recently experienced a high-speed encounter that has signiÐcantly perturbed NGC 5850Ïs disk. Since 768 km s~1 is considerably larger than the orbital speeds of material in NGC 5850, we have used the impulse approximation to estimate the radial velocity perturbation (dV ) at a radius R in its disk for the simple Ñyby geometries shown in & Tremaine A lower limit for Figure 21 (Binney 1987). dV can be derived by assuming the situation in Figure 21a , where NGC 5846Ïs closest approach (b) equals its projected separation of 85 kpc, and where the relative speed is (V rel ) exactly 768 km s~1. At a radius of 17 kpc (2@), where the distorted outer pseudoring is located, b/R equals 5, and the impulse approximation simpliÐes to
Here refers to NGC 5846Ïs mass, taken to be 1012 M 2 M _ . For the above values of b, and R, a velocity impulse of V rel , 27 km s~1 results. Regions of NGC 5850Ïs disk at larger R receive greater dV . This impulse is directed along the line joining the two galaxies at their closest approach, which can account for the large-scale stretching of NGC 5850Ïs H I disk to the northwest in the general direction of NGC 5846. The large di †erence in the apparent response between NGC 5850Ïs northwest and southeast sides can be explained by noting that induced perturbations in close encounters are generally much larger on the side nearest the interactor. The total energy given to NGC 5850 in this approximation is
where and refer to NGC 5850Ïs mass and density-M 1 r6 weighted mean radius. Setting these to and 15 kpc M ind (where we have used the radial proÐle in for the & H I Fig. 13  weighting) , yields an energy gain of 6 ] 1058 equation (3) ergs for NGC 5850 as a result of NGC 5846Ïs passage. This amounts to 30% of the spiralÏs binding energy, which we 9 Einstein and ROSAT show that NGC 5846 has D1010 of X-rayÈ M _ emitting gas in a slightly extended distribution & Kronberg (Biermann Heavy smoothing failed to uncover a faint di †use component above 1983). the background near NGC 5850Ïs position. FIG. 21 .ÈSchematics outlining two high-speed encounters between NGC 5850 and NGC 5846 discussed in the text. The observer views the system from the direction of point O. estimated to be 2 ] 1059 ergs using
The situation in illustrates the case in which Figure 21b NGC 5846 makes a closer approach at a larger relative speed. Equations and do not yield accurate results for (2) (3) (b/R) of D2, so we estimated dV by interpolating between the above equations and the limiting case of a head-on collision (eqs. , ; & Tremaine Binney 1987) . Taking b and to be 40 kpc and 1000 km s~1 V rel (*V sys /cos 45¡) respectively, we derive a radial velocity impulse of 100 km s~1 at R \ 17 kpc in NGC 5850Ïs disk. The energy imparted to NGC 5850 was found to be essentially the same as before, i.e., slightly more than 30% of its binding energy. In this case, the closer approach is o †set by the higher relative speed of the Ñyby.
These calculations show that substantial dV are possible in NGC 5850Ïs disk as a result of a high-speed encounter with NGC 5846, and at radii where disturbed features are found. Special collision geometries, masses, or speeds are not required. The large dE also implies that this interaction is capable of signiÐcant changes to the diskÏs structure. . No. 1, 1998 NGC 5850 103 the range in dV given by for the two Ñybys in equation (2) this implies that the encounter occurred 60È200 Figure 21 , Myr ago. During this time interval the perturber NGC 5846 would have moved 50È150 kpc from NGC 5850 along the line of sight. The fact that we see such pronounced distortions in NGC 5850Ïs H I distribution favors the early part of this range, since we would expect disturbances in the disk to be rapidly damped as a result of shear and the strong bar. The fact that NGC 5850Ïs H I disk is observed to be stretched along a direction close to the line joining the two galaxies is additional evidence of a recent interaction, i.e., much less than a rotation period. et al.
have recently proposed that multiple Moore (1996) high-speed encountersÈa process they dub galaxy "" harassment ÏÏÈis responsible for most of the evolution in cluster disk galaxies as a function of look-back time. Simulating the passage of a late-type disk through a cluster of massive galaxies, they were able to generate bars and tidal tails, heat the disk, transport large fractions of the "" harassed ÏÏ galaxyÏs ISM to its nuclear region, and trigger starburst or active galactic nucleus (AGN) activity. The model galaxies described in Moore et al. never pass within 30 kpc of each other, and they reach high relative speeds km s~1). Typical values of dV in the harassed ([1500 galaxyÏs disk were found to be D50 km s~1. Since these parameters are similar to those we infer for the NGC 5850/ 5846 system above, NGC 5850 is a good candidate for a single harassing event. It is thus of interest to compare Moore et al.Ïs results with our observations.
In the numerical simulations, Ðrst encounters typically create "" sharp and dramatic features ÏÏ in the disk, as well as large-scale tails and arcs. The optical spurs and horizontal arm in NGC 5850 as well as the broken H I pseu- (Fig. 3) , doring to the southwest may be examples of the ( Fig. 11) , former. However, we do not detect large-scale stellar or gaseous tails. While this may indicate a small elapsed time since the passage of NGC 5846, we note that of Figure 3a Moore et al. shows a model galaxy with very prominent tidal tails only 150 Myr after a high-speed encounter. Presumably, these structures would be identiÐable after D75 Myr, which is well within our estimate of the time since Ñyby.
The Ðrst few encounters in Moore et al. are also able to transport large quantities of gas to small radii to fuel nuclear starbursts or AGN activity. Our H I maps show that signiÐcant transfer has yet to take place in NGC 5850, a conclusion that is also supported by the lack of signiÐcant amounts of molecular gas in its nucleus et al. (Elfhag 1996) . Nor is radial infall apparent in the minor-axis velocityÈ position angle diagram Again, it is possible that (Fig. 16) . not enough time has elapsed since NGC 5846Ïs Ñyby. However the free-fall time in NGC 5850Ïs disk is D100 Myr, which is close to our 60 Myr lower bound to the time since closest approach. This suggests that if the interaction is capable of setting up a large-scale gas transfer we should be able to detect its early stages. We Ðnd no clear evidence of radial gas infall in NGC 5850. Our optical and radio continuum data show that NGC 5850 does not harbor an AGN or a nuclear starburst, and that its global SFR is indistinguishable from Ðeld spirals of similar Hubble type and luminosity. Thus the envisioned high-speed encounter has not led to enhanced MSF in NGC 5850, unless a lag time in excess of D200 Myr is required for a measurable response.
To be fair, we should emphasize that Moore et al. did not have the NGC 5850/5846 system in mind when they produced their simulations, and that there may be enough differences in detail to account for the above discrepancies. "" Harassment ÏÏ may be an important process in the evolution of galaxies and therefore deserves further investigation, both in the identiÐcation of other high-speed encounters and in detailed numerical simulations of speciÐc systems. We intend to address some of these issues in subsequent articles.
CONCLUSIONS
We have used optical CCD imaging and VLA H I interferometry to explore the structure and kinematics of the barred spiral galaxy NGC 5850. We summarize our Ðnd-ings as follows :
1. UBV I images show substantial morphological peculiarities in the galaxy, which take the form of distorted arms, short "" spurs ÏÏ projecting from the arms on the west and southwest sides, and extended low surface brightness emission to the west. NGC 5850Ïs nucleus contains a small ring and bar, which appear to be free of recent MSF. We locate the galaxyÏs near side southeast of the nucleus. On the basis of these new data, we propose a revised classiÐcation for NGC 5850 as SB(rs)b.
2. Ha imaging shows that the star-forming properties of NGC 5850 are typical for noninteracting intermediate spirals, both in the global star formation rate (0.24^0.02 yr~1) and in the H II region populations. MSF is domi-M _ nated by the inner ring, especially near the ends of the bar, and in the arms. The nucleus is free of robust MSF activity and is poor in molecular gas.
3. The galaxyÏs peculiar morphology is even more pronounced in H I, where a large shift of gas to the west and northwest is apparent. Neutral hydrogen is concentrated in the inner ring and peculiar spiral arms, which we interpret as a disrupted outer pseudoring. While we Ðnd a lowdensity H I component Ðlling the region interior to the inner ring, the prominent bar is not visible in atomic hydrogen. We identify a 2 ] 107 clump of H I coincident with the M _ southwestern half of the nuclear dust ring. There is no evidence of either a disk or large-scale tidal features low-& H I above 0.05 pc~2 (3 p). M _ 4. Despite the peculiar gas distribution, the H I velocity Ðeld appears fairly normal and dominated by rotation. Streaming motions are associated with the spiral arms and bar. Inspection of the velocity Ðeld suggests a warped oval disk. Static tilted-ring models were Ðtted to the inner 2@ of the galaxy and, with Ðxed inclination and center, for the outer disk along the major axis. While only approximate descriptions, they also show evidence of a warped disk.
5. NGC 5850 is a weak source of 20 cm radio continuum. Emission is associated with the inner ring and the enclosed regions, with a nuclear peak. The spiral arms are not detected. 6 . We conclude that the available data do not support ram pressure stripping as a cause for NGC 5850Ïs peculiar optical and H I morphology. This follows primarily from (a) the close overall similarity between the H I and stellar distributions in its strongly perturbed components and (b) the apparent lack of a dense intergalactic medium.
7. We propose that NGC 5850 has experienced a recent Myr) high-speed encounter with the massive ellip-([200 -tical galaxy NGC 5846. Multiple interactions of this type have been proposed to account for much of the morphological and luminosity evolution of disk galaxies in rich clusters. At this point NGC 5850 shows no signs of enhanced MSF or the transport of gas to the nucleus, which may pose a challenge for existing models of this process.
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